Introduction: Children born premature who require ventricular shunt placement for
resuscitated between 20 and 30 weeks of gestation underwent placement of a VS.
In preterm infants with VS and BPD, the combination of lung and CNS injuries may increase the severity of chronic respiratory symptoms in early postnatal life, due in part to a higher likelihood of neurological impairment in the infants who require ventricular shunts.
However, it is unknown whether these children with VS + BPD, have more respiratory morbidities compared to children with BPD alone, after initial hospital discharge.
Although many infants who require ventricular shunts are not neurologically devastated, up to one-half of preterm infants with ventricular shunts have less than good neurodevelopmental outcomes. 4 A recent meta-analysis of pooled rates of "good"
neurodevelopmental outcomes in preterm children with ventricular shunts found rates of 58.7%, 50.1%, and 56.1% depending on the type of shunt. 4 Children with CNS injury and neurodevelopmental impairment have been reported to have a higher risk for chronic respiratory symptoms. 5 CNS injury can cause altered muscle tone, cerebral palsy, swallowing dysfunction, and/or dyscoordinated cough, which in turn can increase the risks of long-term respiratory morbidities. 5 The added burden of dysphagia and/or aspiration in children with CNS injury may increase the severity of respiratory symptoms in children with underlying chronic lung disease 6 such as BPD. Preterm infants with VS placement are at high risk for shunt obstructions and infections, particularly in infants who have shunts placed before six months of age, 7 consequently recurrent shunt revisions may adversely affect CNS function.
Since infants with ventricular shunts and BPD have a greater risk of neurological impairment, 8, 9 and neurologic impairment by itself is associated with chronic respiratory symptoms, 10 we hypothesized that children with both VS and BPD would have significantly more emergency room visits and hospitalizations, more symptoms of cough and wheeze, exercise limitation, nighttime respiratory symptoms and need for oral steroids and antibiotics for acute respiratory exacerbations after initial hospital discharge, compared to children with BPD alone. We also sought to determine the rate of shunt revision in our subjects with VS and BPD and whether the frequency of shunt revision was associated with adverse respiratory outcomes after initial hospital discharge.
To characterize chronic respiratory symptoms and acute respiratory care usage in BPD children with or without VS, a retrospective review of subjects recruited from an outpatient BPD clinic was performed and respiratory symptoms and acute care usage was quantified by caregiver questionnaire. 11 Other determinants of BPD severity were examined including gestational age, birth weight, need for surgical PDA ligation, and supplemental oxygen requirement at initial hospital discharge. 12 Median household income and insurance status were also included in the analyses as measures of socioeconomic status. Finally, in BPD children with VS, the number of neurosurgical procedures following initial VS placement was quantified from a mean of 4.6 ± 2.3 years of follow-up data. as occurring 0 days, 1-3 days, and ≥4 days within the past week, but for the purposes of analysis, these outcomes were dichotomized into occurring or not occurring in the past week.
| Statistical methods
Demographic and clinical data between subjects with VS and those without were compared using chi-square and t tests ( Table 1) . The relationship between respiratory morbidities (dependent variable) and a history of VS placement (independent variable) were assessed using logistic regression to generate odds ratios adjusted for potential confounders, including age of the subject at the time of questionnaire completion, gestational age, and birth weight percentile (as markers of prematurity), and the use of home supplemental oxygen (as a marker of BPD severity) ( Table 2 ). As caregivers may have completed questionnaires at several clinic visits, the logistic regressions accounted for the possibility of more than one questionnaire per subject using Generalized Estimating Equations (GEE) methodology (clustered by subject). 16 Kaplan-Meier methodology was used to analyze the ages at specified neurosurgical procedures ( Figure 1 ; n = 51) and the age of oxygen weaning among patients on home supplemental oxygen via nasal cannula ( Figure 2 ; n = 212). All analyses were conducted using STATA IC 11.0 (College Station, TX) and P values <0.05 were considered statistically significant.
3 | RESULTS
| Demographic
The study population consisted of 623 subjects with bronchopulmonary dysplasia. Of these subjects, 55 (8.9%) had a history of VS placement for cerebrospinal fluid drainage ( Table 1 ). The mean gestational age of subjects was 26.6 ± 2.2 weeks and the average birth weight was 908 ± 327 g. There were no differences by sex or self-reported sex/ ethnicity on the basis of VS placement. Subjects with a history of VS were likely to be born at an earlier gestational age (25.5 vs 26.7 weeks; P < 0.001), but have a greater birth weight percentile adjusted for gestational age (47.4 vs 39.9; P = 0.024) compared to those without VS.
Subjects with VS were more likely to have a longer initial hospitalization after birth (5.7 vs 4.1 months; P < 0.001) than subjects without VS.
Additionally, subjects with VS were more likely to require other medical technologies/surgical procedures, including home supplemental oxygen (52.7% vs 35.2%; P = 0.010), patent ductus arteriosus ligation or device closure (34.6% vs 19.1%; P = 0.007), gastrostomy tubes (43.6% vs 23.9%; P = 0.001), and Nissen fundoplication (27.3% vs 15.5%; P = 0.025).
| Neurosurgical procedures
Fifty-five (8.9%) of the 621 subjects in the study population had a VS placed with a mean 4.6 ± 2.3 years of follow-up data (range: 0.5-10.1).
A total of 270 neurosurgical procedures were performed in these subjects (Mean number of procedures per subject: 4.9 ± 5.4 [range:
1-27; median: 3]), Figure 1 . A total 25% of patients had at least one externalization of their VS, 58% had at least one VS revision or replacement, 22% had a procedure for cyst management (fenestration or catheter placement), and 9% had choroid plexus cautery. The median age of first externalization, revision, or replacement for the 58% of subjects who had at least one of these procedures was 6.7 months (n = 32; range:
1.5-57.2).
| Respiratory outcomes
A total of 1299 respiratory outcome questionnaires were collected on 546 subjects (Mean number of questionnaires per subject: 2.4 ± 1.8;
range: 1-13). There were no differences in terms of having a completed questionnaire (chi square P = 0.44) or number of questionnaires (t test P = 0.80) between subjects with VS and those without. The average response rate per question was 97.3%. Adjusted clustered logistic regression was used to determine if respiratory morbidities were associated with any history of VS; regression diagnostics indicated that multicollinearity was not a substantial concern (all VIFs <6.7). The presence of a VS was not associated with acute respiratory care use (ie, emergency department visits, inpatient hospitalizations, systemic steroid use, or antibiotic use) or chronic respiratory symptoms (ie, cough/wheeze, rescue β-agonist use, activity limitations, or nighttime symptoms) ( Table 2 ). To determine if infants and children with VS had more severe respiratory disease and were more likely to have adverse outcomes, regression was repeated in the subset of subjects on home Odds ratios for respiratory outcomes (dependent variable) given a history of a ventricular shunt (independent variable) were generated through logistic regression and adjusted for potential confounders, including gestational age, birth weight percentile, home supplemental oxygen use, and age at the time of questionnaire completion. b Of the 207 subjects in this study with questionnaire data on home respiratory support, 187 were on supplemental oxygen via nasal cannula, 17 were on home ventilators, and three had tracheostomies without home ventilators. Odds ratios were calculated in a similar manner to the all subjects regressions, except there were not adjusted for supplemental oxygen.
FIGURE 1
Number of Neurosurgical Procedures per child in children with ventricular shunts and bronchopulmonary dysplasia FIGURE 2 Age at nasal cannula oxygen weaning respiratory support (ie, supplemental oxygen, home ventilators and/or tracheostomy; n = 207). Again, no associations were seen between those with VS and those without in this subset (Table 2) . For subjects who received supplemental oxygen via nasal cannula oxygen in the home setting, there was no difference in the age of weaning between those who had a VS and those who did not (Figure 2 , log rank P = 0.71). Although, rescue medication and antibiotic use for respiratory illnesses were significantly associated with a greater number of neurosurgical procedures, when adjusted for gestational age, birthweight, supplemental oxygen, and age at discharge; there were no associations with respiratory outcomes when outliers who had greater than 12 neurosurgical procedures were eliminated from analyses.
| DISCUSSION
In this study, children with ventricular shunts and BPD had similar respiratory outcomes after initial hospital discharge, compared to children with BPD alone. This was found even though children with ventricular shunts had risk factors associated with more severe BPD, including a greater likelihood of shorter gestational age, supplemental oxygen at discharge, and longer length of initial hospitalization. In this study, the VS and BPD children were more likely to be on supplemental oxygen at initial hospital discharge, indicating more severe BPD. Nevertheless they had similar outpatient respiratory outcomes, compared to children with BPD alone. However, the VS +BPD children were more likely to have had a gastric tube place for nutritional support during infancy. Placement of gastric tubes during infancy may have been more common in the children with ventricular shunts and BPD, due in part to their greater likelihood of neurodevelopmental delay and dysphagia. A recent study found that preterm infants who needed gastric tube placement prior to discharge from the NICU, were more likely to have a severe IVH and to have neurodevelopmental delay at 18-24 months of age. 18 Another study evaluating children at risk for dysphagia found that aspiration, gastroesophageal reflux, and age one year or less were significant risk factors for subsequent pneumonia. 19 It is possible that early gastric tube placement and/or Nissen fundoplication in our study population may have mitigated the potential adverse effects of dysphagia and aspiration on long-term respiratory outcomes in the VS children.
Gastric tube placement has been used to modify aspiration risk, reduce respiratory fatigue, and support weight gain when conservative therapies fail. Minimizing aspiration and promoting adequate weight gain in BPD infants with ventricular shunts may have promoted catch up lung growth and attenuated progression of lung injury. 20 Therefore the early placement of gastric tubes in the children with VS + BPD may have accounted in part for the similar respiratory outcomes found, compared to the children with BPD alone. However, this will need to be studied, further in a prospective manner.
Children with ventricular shunts in this study were also found to have a high likelihood of requiring subsequent neurosurgical procedures for shunt revision. Risk factors for ventricular shunt failure and need for shunt revision in preterm infants include earlier gestational age (<than 27 weeks gestation) and low birth weight (<1.5 kg). 21 These risk factors were also found in our subjects with VS and BPD. Ventricular shunt revisions are performed most commonly for shunt obstruction or infection and have been reported to occur most frequently in children during the first 3 years of life, nevertheless, shunt failures can continue to occur throughout the lifetime of an individual. 21, 22 There are limitations to this study. Participants included only subjects with VS and BPD who attended a BPD outpatient clinic.
Respiratory outcomes in children with VS and BPD who do not attend an outpatient BPD clinic may not be similar to those of children who attend a BPD clinic. Attending a BPD clinic may modify some of the adverse effects on respiratory health that children with VS and BPD may encounter. Nevertheless, outpatient treatments between the two groups were similar as were respiratory outcomes despite the VS + BPD children having a greater likelihood of being discharged on supplemental oxygen indicating more severe lung disease.
Another limitation to our study is that the majority of the children in our clinic were non-white and lived in urban settings, thus our results may not be generalizable to children living in other regions of the country or at other centers. We also did not quantify cognitive or motor defects in our groups of subjects with and without VS. It is possible that both groups of children had similar cognitive and motor development and degree of dysphagia. However, this would not be expected, since children with grade III and IV IVH with VS placement have been reported to have an increased prevalence of cognitive defects and cerebral palsy 23, 24 and the VS subjects were more likely to receive gastric tubes.
In addition a survival bias in the VS and BPD group could account for similar respiratory outcomes since our BPD registry only included children who survived until discharge from the hospital, whereas infants who died before discharge, including those who received palliative care management, were excluded from our analyses.
In summary, children with VS and BPD had similar respiratory outcomes as children with BPD alone, after initial hospital discharge, despite early risk factors that would suggest poorer respiratory outcomes.
However, it was also noted that children with ventricular shunts and BPD were more likely to have gastric tubes placed during infancy. Early GT placement may have mitigated the potential for more adverse respiratory outcomes in the VS and BPD children despite the higher risk for neurodevelopmental delay and dysphagia. A prospective study is needed to determine if early gastric tube placement in BPD infants with VS can attenuate long-term respiratory morbidities by minimizing early aspiration risk and improving overall nutrition and lung function.
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